Enhanced epidermal growth factor receptor (EGFR) activity has been strongly linked to breast cancer progression and mediators of EGFR endocytosis may well be involved. We developed a semi-automated high-content fluorescence microscopy-based EGFR endocytosis screen to identify proteins that mediate EGFR endocytosis in human HBL100 breast cancer cells. Knockdown of 172 individual endocytosis and actin-regulatory genes with small interfering RNAs led to the identification of 14 genes of which the contribution to EGFR endocytosis in breast cancer is until now poorly defined, including DNAJC6, GDI2, FGD6, HAX1, NECAP2 and AnxA2. We show that depletion of the actin and endocytosis regulatory protein annexin A2 (AnxA2) in a panel of four triple negative breast cancer (TNBC) cell lines affected EGFR endocytosis. Depletion of AnxA2 in the aggressive and highly metastatic MDA-MB-231 TNBC cell line resulted in the inhibition of EGFR transport beyond the early endosomes. This inhibition coincided with enhanced epidermal growth factor (EGF)-induced cell migration and downstream signaling via c-Jun N-terminal kinase (JNK) and Akt. Moreover, AnxA2 knockdown increased lung metastasis formation in mice. The effect of AnxA2 knockdown on EGFR endocytosis in MDA-MB-231 was related to dephosphorylation/activation of the actin-severing protein cofilin, as re-expression of an inactive S3E-cofilin mutant, but not an active S3A-cofilin mutant, re-established EGFR endocytosis to control levels. Together, our data provide evidence for AnxA2 as a mediator of EGFR endocytosis and signaling in breast cancer via regulation of cofilin activation.
INTRODUCTION
The epidermal growth factor receptor (EGFR) is important for normal growth and function of breast tissue and, when inappropriately activated, one of the main proteins involved in the development and progression of breast cancer. 1 A strong correlation has been found between the presence of high levels of EGFR in breast tumors and the aggressive potential of the tumor. 2 When EGFR is activated by binding to EGF, a chain of events is triggered. The EGFR dimerizes, which stimulates its intrinsic intracellular protein-tyrosine kinase activity, resulting in autophosphorylation of several tyrosine residues in the C-terminal domain of EGFR. Subsequently, different downstream signaling cascades are activated, including the Mitogen-activated protein kinase, JNK and Akt pathway. To prevent excessive growth and, thereby, formation of breast cancer, EGFR-dependent growth is, among others, controlled by endocytosis. 3 EGFR endocytosis is a multistep process, including receptor internalization at the plasma membrane, sorting in early endosomes, transport to late endosomes, uptake in multi-vesicular bodies and degradation in the lysosomes. 4 As EGFR remains active within the endosomes until it is degraded, these endosomes can themselves form signaling platforms, resulting in propagation of intracellular signaling or in initiation of protein signaling cascades. 5 Over the past decades, many proteins have been shown to contribute to EGFR endocytosis, of which the adaptor protein growth factor receptor-bound Grb2 and the ubiquitin ligase Cbl have been described as two of the main regulators of EGFR endocytosis. 6, 7 It has long been known that overexpression, mutations, deletions and production of autocrine ligands contribute to aberrant activation of EGFR in breast cancer. Yet, increasing evidence shows that aberrant EGFR signaling in breast cancer cells may also be caused by defects in the receptor endocytosis and degradation route. 8 A defective endocytosis route may result in persistent localization and activation of EGFR at the plasma membrane of cancer cells, as internalization of the receptor into early endosomes may be blocked or inhibited. 5 In addition, EGFR that is taken up into early endosomes may continue to signal from these endosomes, as passage to late endosomes and to degradation lysosomes may not take place. 5 Together, this results in enhanced EGFR signaling promoting cancer cell proliferation, invasion and metastasis formation. A better mechanistic understanding of the proteins that control EGFR endocytosis and thereby signaling in breast cancer cells may shed light on the mechanisms that control EGFR endocytosis and signaling in breast cancer.
To identify regulators of EGFR endocytosis in breast cancer cells, we developed a semi-automated high-content fluorescent microscopy-based RNA interference (RNAi) screen with subsequent automated image analysis. A dedicated library of small interference RNAs (siRNAs) targeting 172 regulators of endocytosis and actin dynamics was used and the siRNAs were screened for their ability to alter endogenous EGFR endocytosis in the HBL100 breast cancer cell line. We identified 14, of which the contribution to EGFR endocytosis in breast cancer is until now poorly defined. We evaluated the role of one of these genes, AnxA2, in breast cancer progression in further detail. Together, our data provide evidence for a novel role of AnxA2 in EGFR endocytosis, signaling and metastasis formation via activation of cofilin.
RESULTS

RNAi screen to identify EGFR endocytosis regulators in breast cancer cells
To identify proteins that regulate EGFR endocytosis in human breast cancer cells, we developed a semi-automated high-content fluorescence microscopy-based RNAi screen that allows quantitative analysis of EGFR endocytosis in breast cancer cells (Supplementary Figure 1A) . On basis of their homogeneous and consistent EGFR endocytosis profile, we selected the EGFR positive, mildly transformed HBL100 breast cancer cell line for our screen. EGF treatment of HBL100 cells resulted in internalization of the EGFR (Figure 1a) . Over time, the number of EGFR-positive endosomes per cell increased and the amount of EGFR localized at the plasma membrane decreased, which was quantified using our previously developed image analysis algorithms for EGFR endocytosis 9 ( Figure 1b and Supplementary Figure 1B) . EGFR internalization was associated with signaling via Akt and ERK1/2 (extracellular regulated MAP kinase) as determined by western blotting (Figure 1c) .
Next, we set up siRNA-mediated knockdown by transfecting HBL100 cells with non-targeting siRNA (siRNA control (siCtrl) and siRNA green fluorescent protein (siGFP)) and siRNA-targeting EGFR (Figures 1d and e) . Cells were exposed to EGF for 60 min to allow complete endocytic uptake of EGFR. At 60 min of EGF exposure, the average number of endosomes per cell was not significantly different between non-treated, siCtrl#2 and siGFP, allowing the use of these controls for siRNA screening (Figures 1d and e,  Supplementary Figure 1C) . Moreover, transfection of HBL100 cells with a siRNA SmartPool-targeting EGFR resulted in a B90% knockdown of EGFR (Figures 1d and e) . Together, these data demonstrate the feasibility of siRNA-mediated knockdown in HBL100 cells and quantification of EGFR endocytosis based on fluorescent staining and confocal microscopy imaging.
Next, a dedicated library consisting of 172 siRNAs targeting known endocytosis and actin regulators (Supplementary Table 1 ) Figure 1 . EGFR endocytosis in HBL100 breast cells. HBL100 cells were exposed to EGF (50 ng/ml) for indicated time points, fixated and stained for EGFR and Hoechst (a). The number of endosomes and EGFR localization at the plasma membrane was quantified (b). EGFR downstream signaling was determined using western blotting (c). HBL100 cells were transfected using Dharmacon Smartpool siRNAs (siCtrl, siGFP, siRNA-targeting EGFR (siEGFR)) or none treated. At day 3, cells were exposed to 50 ng/ml EGF for 60 min, fixated and stained for EGFR and Hoechst. Cells were imaged using confocal laser scanning microscopy (d). The number of endosomes was quantified (e).
was used to determine the role of these target genes in EGFR endocytosis in human breast cancer cells. This library included known as well as unknown EGFR mediators. The screen was performed in duplicate and each a 96-well plate included five duplicate control wells, including untreated cells, EGF-treated cells either untransfected or transfected with siCtrl, siGFP or siRNA-targeting EGFR (Supplementary Figure 1) . Within and between the different 96-well plates used for screening, no significant differences were observed between no siRNA, siCtrl and siGFP, whereas siRNA-targeting EGFR treatment resulted in 85-90% knockdown in all wells ( Supplementary Figures 1C and  2 ). Only those siRNAs of which knockdown affected EGFR endocytosis in both screens and resulted in significantly (Po0.05) different numbers of EGFR-positive endosomes compared with no siRNA, siCtrl as well as siGFP conditions were selected as positive hits (Figures 2a, n ¼ 61) . These EGFR endocytosis mediators included transport proteins, members of the (Rho)GTPase, members of the Ras superfamily, PI-3K family members and annexin family members (Supplementary Table 2 ).
For 24 hits, information on their role in EGFR endocytosis was scarce. To validate these primary hits, a deconvolution secondary screen was performed in which the four duplexes from each of the 24 SMARTpool hits were individually screened (Supplementary Table 3 ). From the 24 primary hits, NECAP2 and AnxA2 were validated with all four individual siRNAs and 12 primary hits were validated by three out of four individual siRNAs (Figure 2b and Supplementary Figures 3 and 4) . Primary hits that were validated by less than three individual siRNAs were not considered as high confidence hits. Thus, using semi-automated high-content fluorescence microscopy-based RNAi endocytosis screening, we successfully identified a set of novel regulators of EGFR endocytosis in HBL100 breast cancer cells that are of interest for further study. Figure 2 . RNA interference screen identifies EGFR endocytosis regulators in HBL100 cells. RNA interference screening was performed as described in Materials and methods. In total, 61 genes were identified, of which knockdown significantly affected EGFR endocytosis (a). Twenty-four primary hits were validated using four individual siRNAs, confirming 14 proteins (b). HBL100 cells were transfected using Dharmacon Smartpool siRNAs directed against AnxA1, A2, A5, A6 and A8, exposed to 50 ng/ml EGF for 60 min, fixated and stained for EGFR and Hoechst. Cells were imaged using confocal laser scanning microscopy (c) and the number of endosomes was quantified (d). AnxA2 knockdown in HBL100 cells was established using lenti-viral shRNA specific for AnxA2 (shAnxA2) and a scrambled sequence (shCtrl). Cells were exposed to EGF-txr (red) for 60 min (e), 30 min (f ) and 90 min (g) and co-stained with EEA1 (green) or CD63 (green). The percentage of EGF-txr in EEA1-positive early endosomes or CD63-positive late endosomes was determined. * denotes Po0.05.
AnxA2 differentially regulates EGFR endocytosis in mild and aggressive breast cancer cells The annexin family can provide an anchor between the actin cytoskeleton and the endosomal membranes 10 and therefore represents a somewhat novel class of EGFR endocytosis regulators. Our screen identified AnxA1, A2 and A5 as mediators of EGFR endocytosis (Figures 2c and d) . We have previously shown the involvement of AnxA1 in triple negative breast cancer (TNBC) progression.
11 Here we investigated the role of its close family member AnxA2 in breast cancer progression in further detail.
To determine whether AnxA2 knockdown increased the number of EGFR-positive endosomes in other EGFR-positive breast cancer cell lines as well, we generated stable AnxA2 knockdown cell lines using lenti-viral small hairpin RNA ( Although all five breast cancer cell lines are EGFR positive, differences are apparent at both the genetic and phenotypic level. Although the HBL100 cell line is mildly transformed and non-metastatic, the other four belong to the more aggressive, TNBC subtype, of which the MDA-MB-231 LM2 subclone of Massague et al.
12 is a most often used and highly metastatic cell line. Given these differences we reasoned that the mechanisms underlying the increase in EGFR-positive endosomes may differ between the mildly transformed, non-metastatic HBL100 cell line and the more aggressive, metastatic MDA-MB-231 LM2 cell line. Therefore, we determined the percentage of EGF-txr in EEA1-positive early endosomes or in CD63 late endosomes to verify whether the increase in the number of EGFR-positive endosomes was due to enhanced EGFR uptake or inhibition of EGFR transport beyond the early endosomes EGF exposure of shAnxA2 HBL100 cells resulted in an increase in the percentage of EGF-txr localizing in the EEA1-positive early endosomes at 30 min of exposure ( Figure 2f ) and an increase in the percentage of EGF-txr in CD63-positive late endosomes at 90 min after exposure ( Figure 2g ). Thus, EGFR uptake and endocytic transport seems to be more rapid in shAnxA2 HBL100 cells compared with shCtrl HBL100 cells. In contrast to HBL100 cells, at 10 min of EGF-txr exposure no significant difference in the percentage of EGF-txr in EEA1-positive early endosomes was observed between WT, shCtrl and shAnxA2 MDA-MB-231 LM2 cells, indicating that EGFR uptake followed by processing is not increased upon knockdown of AnxA2 in MDA-MB-231LM2 cells (Figure 3d ). Over time, the percentage of EGF-txr in EEA1-positive early endosomes decreased in WT and shCtrl, but remained constant in shAnxA2 cells (Figures 3d and e) . This coincided with a reduced percentage of EGF-txr in CD63-positive late endosomes in these cells (Figures 3f and g ). Together, these data indicate that AnxA2 knockdown reduced the transport of EGFR beyond the early endosomes in MDA-MB-231 LM2 cells, which is in contrast to the effect of AnxA2 knockdown in the mildly transformed HBL100 cells, suggesting a different role for AnxA2 in EGFR regulation in mildly versus more aggressive breast cancer cell lines AnxA2 depletion in MDA-MB-231 cells results in enhanced EGF-induced migration and signaling Monoclonal anti-AnxA2 treatment has previously been shown to inhibit migration of MDA-MB-231 cells.
13 Therefore, we next tested whether shRNA-based knockdown would also inhibit MDA-MB-231 cell migration. Indeed, depletion of AnxA2 resulted in reduced random cell migration (Figure 4a ). Similar observations were made for the mildly transformed HBL100 cell line (Supplementary Figure 6A ). Yet, shAnxA2 MDA-MB-231 cells were significantly more sensitive toward EGF-induced cell migration compared with shCtrl cells (Figure 4b ), indicating that knockdown of AnxA2 resulted in enhanced EGF-induced cell migration. In contrast, EGF-induced cell migration was inhibited in shAnxA2 HBL100 cells (Supplementary Figure 6B) . This difference in response to EGF may be explained by the difference in contribution of AnxA2 to EGFR endocytosis between these mildly and highly aggressive breast cancer cell lines. In addition, cells were grown in a three-dimensional collagen microenvironment in the presence of EGF (Supplementary Figure 7) and growth behavior was quantified using our novel imaging analysis approach (Zi et al. in preparation). Principal component analysis showed a significant difference between cell growth behavior of shAxA2 cells compared with shCtrl cells, of which shAnxA2 obtained a more invasive phenotype.
EGFR that is taken up into early endosomes may continue to signal from these endosomes. 5 As knockdown of AnxA2 delayed EGFR endocytosis in MDA-MB-231 cells, we hypothesized that the enhanced response toward EGF-induced migration may be explained by enhanced EGFR signaling in AnxA2-depleted MDA-MB-231 cells. Therefore, MDA-MB-231 LM2 cells were exposed to EGF over time and downstream signaling was determined using western blot analysis. Knockdown of AnxA2 resulted in increased phosphorylation of the EGFR itself and enhanced downstream signaling via the Akt and JNK pathway (Figures 4c and d) . Signaling via the ERK pathway was not affected. In conjunction with the reduced response toward EGF-induced migration in HBL100 cells, EGFR downstream signaling was reduced in HBL100 shAnxA2 cells (Supplementary Figures 6C and D) . Even though EGFR endocytosis was delayed at early time points in MDA-MB-231 cells, EGF-induced EGFR endocytosis was not completely blocked and degradation could still take place (Figures 4e and f) .
AnxA2 knockdown increases metastasis formation of the TNBC MDA-MB-231 cell line Enhanced EGFR expression and activation has been associated with enhanced breast cancer progression. 1 As AnxA2 knockdown stimulates EGFR signaling in MDA-MB-231 cells in vitro, we anticipated that AnxA2 knockdown would enhance formation of lung metastasis in vivo. To determine the effect of AnxA2 knockdown in vivo, we established a mouse model for TNBC using the MDA-MB-231 GFP/luc subclone of Massague et al.
12
MDA-MB-231 WT, shCtrl and shAnxA2 cell lines were injected into the mammary fat pads of 12-week-old Rag2 À / À gc À / À mice ( Figure 5 ). Knockdown of AnxA2 did not alter primary tumor growth and cell proliferation as determined by ki67 staining of the primary tumor (Figures 5a and b) . Animals were killed at day 17 (shCtrl and shAnxA2) and day 21 (WT) after removal of the primary tumor and AnxA2 knockdown in the primary tumors was confirmed using immunostaining for AnxA2 (Figure 5b ). Bio-luminescent imaging of the lungs showed that depletion of AnxA2 enhanced total lung tumor burden (Figure 5c ). To quantify the number and size of the lung metastasis in more detail, lung sections were stained for hematoxylin/eosin to visualize lung metastasis (Figure 5d ). Depletion of AnxA2 resulted in a significant increase in the number of lung metastasis (Figure 5e ), but did not change the average size of the metastases (Figure 5f ). Similar findings were obtained for another highly aggressive TNBC cell line, the metastatic rat MTLn3 cell line, which is also positive for EGFR (Supplementary Figure 8) . Together, these data indicate that the EGFR endocytosis regulator AnxA2, which was identified in our RNAi EGFR endocytosis screen, mediates the metastasizing capacity of EGFR-positive MDA-MB-231 cells.
Cofilin is activated upon depletion of AnxA2 and reconstitution of inactive cofilin re-establishes EGFR endocytosis We have previously shown that AnxA2 is able to regulate cofilin phosphorylation and thereby its activity in MDCK cells.
14 As cofilin is known to mediate endocytosis, 15, 16 we determined whether AnxA2 affected EGFR endocytosis via its effect on cofilin activation. Depletion of AnxA2 in the human MDA-MB-231 BLBC cell line resulted in dephosphorylation and thereby activation of cofilin both in the presence and absence of serum (Figures 6a  and b) . Although EGF exposure has been shown to result in cofilin phosphorylation in NIH3T3 cells, 17 no increase in cofilin phosphorylation was observed in EGF-exposed MDA-MB-231 cells (Figure 6c ). To determine whether the decrease in cofilin phosphorylation was associated with the delay in EGFR endocytosis, shAnxA2 cells were transiently transfected with either a phospho-mimicking (S3E) or a phospho-defective (S3A) cofilin mutant and thereafter treated with EGF to induce EGFR endocytosis. Expression of the phospho-mimicking, Figure 3 . AnxA2 inhibits transport of EGFR beyond early endosomes. AnxA2 knockdown in MDA-MB-231 was established using lenti-viral shRNA specific for AnxA2 (shAnxA2) and a scrambled sequence (shCtrl). Cells were exposed to 50 ng/ml EGF (a) or 100 ng/ml EGF-txr for indicated time points, fixated, stained for EGFR and Hoechst (a) and quantified for EGFR (b) and EGF-txr (c) endocytosis over time. EGF-txrexposed cells were co-stained for the early endosome marker EEA1 (d) and the percentage of EGF-txr (red) in EEA1 (green)-positive endosomes was determined over time (e). In addition, EGF-txr (red)-exposed cells were co-stained for the late endosome marker CD63 (green) (f ) and the percentage of EGF-txr in CD63-positive endosomes was determined over time (g). * denotes Po0.05. WO, wash-out.
inactive cofilin mutant (S3E), but not the phospho-defective, active cofilin mutant (S3A) decreased the number of EGFRpositive endosomes in shAnxA2 to the levels of shCtrl cells (Figures 6d and e) . Together, these data suggest that AnxA2 mediates EGFR endocytosis via regulation of the actin severing protein cofilin. A random cell migration assay was performed in duplicate (four movies per experiment) in the absence and presence of 10 ng/ml EGF using shCtrl as well as shAnxA2 MDA-MB-231 LM2 cells to determine the effect of AnxA2 knockdown on cell migration. Cell migration trajectories are depicted in a and average speed was quantified using tracking of the cells with differential interference contrast/Hoechst (b).The effect of AnxA2 knockdown on EGFR-dependent signaling was determined using western blotting of EGF-exposed cells for phospho-EGFR, phospho-Akt, phospho-ERK and phospho-JNK (c). Total EGFR, Akt, JNK and ERK were used to quantify the levels of protein phosphorylation (d). To determine whether EGF-induced EGFR degradation can still take place, cells were stimulated with EGF in the presence of cyclohexamide (10 mg/ml) to inhibit protein synthesis for 4 and 24 h. Cell lysates were generated in triplicate and analyzed for EGFR expression using western blot analysis (e), which was quantified in f. * denotes Po0.01. d, day.
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DISCUSSION
To identify novel mediators of EGFR endocytosis in human breast cancer cells, we developed a semi-automated highcontent imaging-based endocytosis assay with automated image analysis. We identified 61 proteins that mediated EGFR endocytosis in human breast cancer cells, and validated 14 out of 24 proteins, for which information on their role in EGFR endocytosis was scarce. The 14 EGFR regulators that were validated using four individual siRNAs, included actin regulatory proteins like RICH2 and FGD6. Although their family members have been associated with cdc42 activation, 18, 19 their function in relation to EGFR endocytosis has yet to be determined. In addition, our screen resulted in identification of proteins known to be involved in endocytosis (for example, HAX1, DNAJC6, NECAP2), but their association with EGFR endocytosis in breast cancer remains thus far unknown. A somewhat novel class of EGFR endocytosis regulators are proteins that can interact with both the actin cytoskeleton and the endosomal membranes, including annexin proteins. 10 This ability to interact with both the actin cytoskeleton as well as the endosomes provides a rather unique mechanism by which annexins could mediate EGFR endocytosis. Our screen identified AnxA1, AnxA2 and AnxA5 as potential mediators of EGFR endocytosis. Previously, AnxA1, AnxA6 and AnxA8 have been linked to EGFR endocytosis in various cell types. [20] [21] [22] As AnxA6 is not expressed in HBL100 cells, 21 knockdown of this gene did not result in significant changes in the number of endosomes. Moreover, although knockdown of AnxA8 increased the number of endosomes (Figures 2c and d) , this was only significant compared with two out of three control conditions (no siRNA and siCtrl). AnxA1 was one of the first EGFR substrates identified and interacts with the adaptor protein Grb2. 20, 23 It is involved in EGF-induced multi-vesicular body biogenesis, in particular in inward vesicle budding of EGFR containing perimeter multi-vesicular body membranes. 24 Increased expression of AnxA2 has been reported in numerous tumors. [25] [26] [27] Although enhanced EGFR signaling has been associated with these types of cancer, a functional role for À / À /c À / À mice. Primary tumor volume was measured over time (a) and at 17-26 days after injection, mice were killed. Primary tumor volume as well as AnxA2 and ki67 proteins expression levels were determined (b). Lung metastasis formation was determined using luminesence imaging (c) and hematoxylin-eosin (HE) staining (d). Total lung burden (c) and the individual lung metastasis number (e) and size (f ) were quantified. * denotes Po0.05.
AnxA2 in the regulation of EGFR activity has not been described. Many different breast cancer subtypes have become apparent over the last years, each with their own genetic background and clinical outcome. Using a selection of different breast cancer cell lines, we show that depletion of AnxA2 enhanced EGFR endocytosis in the mildly transformed, non-metastatic HBL100 cell line, whereas it inhibited EGFR transport beyond the early endosomes in the more aggressive and highly metastatic MDA-MB-231 TNBC cell line. The inhibition of EGFR endocytosis is consistent with previous findings showing that AnxA2 is present on early endosomes 28, 29 and that upon AnxA2 knockdown, EGF-txr accumulated in these early endosomes. 30 As anticipated, the delay in EGFR endocytosis upon AnxA2 depletion in MDA-MB-231 cells was associated with enhanced EGFR signaling ( Figure 5 ) via Akt and JNK and EGF-induced migration. These data fit with the current thinking that EGFR can still signal from the early endosomes. 5 In contrast, EGF-induced migration and signaling were reduced in the mildly transformed HBL100 cells. Thus, our data indicate a clear role for AnxA2 in EGFR endocytosis and related signaling events, but the outcome depends on the cellular context. Associated with our results are the findings of Shetty et al. 31 showed an important role for AnxA2 in the HER2 þ breast cancer subtype. In addition, they showed that AnxA2 knockdown in the MDA-MB-231 wt cell line resulted in decreased EGFR signaling via Src, p38, ERK and Stat3. These data are in contrast with our own findings obtained in the MDA-MB-231 LM2 subclone and may be explained by the fact that inactivation of these signaling pathways could be independent of the effect of AnxA2 on EGFR endocytosis or attributed to the genetic background of the MDA-MD-231 cell line used and/or the knockdown efficiency obtained in their studies. Current understanding indicates a pivotal role for enhanced EGFR signaling in breast cancer metastasis, mediated by enhanced EGF levels in the tumor microenvironment provided by tumorassociated macrophages. 32, 33 Our data fit with this concept: in vitro two-dimensional and three-dimensional EGF enhances migration and invasion of shAnxA2 BC cells and in vivo local EGF is the likely to be driver of enhanced metastasis of these shAnxA2 BC cells.
The delay in EGFR endocytosis upon knockdown of AnxA2 in the MDA-MB-231 LM2 cell line was associated with dephosphorylation of cofilin as overexpression of a phospho-mimicking S3E mutant re-established EGFR endocytosis ( Figure 6) . We have previously shown that AnxA2 can influence cofilin phosphorylation in MDCK cells.
14 Yet, here AnxA2 depletion resulted in increased cofilin phosphorylation, suggesting that the effect of AnxA2 depletion is cell-or tissue-type dependent. Moreover, AnxA2 has been associated with upstream components of the cofilin pathway. 34, 35 It remains elusive whether AnxA2 influences cofilin phosphorylation directly via competition of binding to actin monomers or via other mechanisms.
In contrast to our findings, expression of dominant negative LIMK, the upstream kinase that phosphorylates cofilin, or a S3A cofilin mutant in WT MDA-MD-231 cells resulted in efficient EGFtexas red transport. 36 Thus, although cofilin clearly contributes to EGFR endocytosis, the mechanism by which cofilin affects EGFR endocytosis may be dependent on other proteins, such as AnxA2. Interestingly, cofilin has been described as one of the driving forces for metastasis formation of EGFR-positive breast cancer cells. 37, 38 Given the importance of cofilin in the control of breast Figure 6 . Knockdown of AnxA2 results in cofilin dephosphorylation, which is associated with the delay in EGFR endocytosis. Cells were analyzed for cofilin phosphorylation in the presence or absence of serum (a) using western blot analysis for cofilin, phosho-cofilin, tubulin and AnxA2. The phosphorylation levels of cofilin were quantified and expressed as a ratio of p-cofilin/cofilin (b). Exposure to 50 ng/ml EGF did not result in changes in the phosphorylation status of cofilin (c). Cells were transiently transfected with HA-S3A-or HA-S3E-cofilin (d) and the number of EGFR-positive endosomes per nuclei was determined (e). FBS, fetal bovine serum. * denotes Po0.05.
cancer progression, our data therefore suggest that AnxA2 may regulate TNBC progression via its effect on cofilin.
In conclusion, using a RNAi EGFR endocytosis screen, the actin and endosome-binding protein AnxA2 were identified as the mediator of EGFR endocytosis, signaling and breast cancer progression by controlling the phosphorylation status of the actin-severing protein cofilin. 
MATERIALS AND METHODS
Cell line maintenance and treatments
Human breast cancer cell lines were kindly provided by Dr F Foekens (Erasmus MC) and tested for authenticity by Short Tandem Repeat in June 2012. MTLn3 rat mammary adenocarcinoma cells were cultured as described previously. 39 MDA-MB-231 LM2 clone (417-5) was generated as described previously 12 and kindly provided by Dr J Massague. Cells were grown in medium specified by the American Type Culture Collection at 37 1C under 5% CO 2 (culture media from GIBCO, Invitrogen, Grand Island, NY, USA). Real-time PCR analysis for these cell lines was performed as described previously. 40 siRNA screen for EGFR endocytosis An siRNA library targeting 172 endocytosis and actin regulatory genes was custom ordered (Dharmacon RNA Technologies, Fisher Scientific, Landsmeer, The Netherlands) and received in a 96-well format. HBL100 cells were plated (15 000 per well) and after 24 h transfected according to the manufactures protocol using a pool of four siRNA oligonucleotides (50 nM) combined with Dharmacon IV transfection reagent. After 24 h medium was refreshed. At day 2 after transfection, cells were serum starved for 4 h and thereafter treated with 50 ng/ml EGF for 60 min. Cells were fixated in formaldehyde and stained and imaged as described below.
Immunofluorescence microscopy Immunofluorescence was performed as described previously.
41 Cells were exposed to EGF-texas red (txr) and/or stained with anti-EGFR, anti-EEA1, anti-CD63 overnight at 4 1C and subsequently incubated with Alexa-488-conjugated secondary antibody (Molecular Probes, Life Technologies Europe BV, Bleiswijk, The Netherlands) in combination with Hoechst. Image acquisition was performed using a Nikon TE2000 combined with a Prior stage and controlled by NIS Element Software.
Live cell imaging random cell migration assay Cell migration was determined as described previously. 42 Three positions per well were automatically defined and the differential interference contrast and Hoechst signals were acquired with a CCD camera (pixel size: 0.64 mm) every 20 min for a total imaging period of 12 h using NIS software (Nikon, Amsterdam, The Netherlands).
Image analysis
For image analysis, raw microscopy images were converted into phenotype measurements that represented EGFR endocytosis-related phenomena using our previously developed automated image analysis for EGFR endocytosis. 9 The data analysis used these measurements to train a classifier through hierarchical classification strategy. The classifier categorized the endosome-objects into different phenotypic episodes. The best classifier was obtained for the number of EGFR-positive endosomes. For each well, the number of endosomes per nucleus was calculated. The Kolmogorov-Smrinov test was used to identify significant changes in the number of EGFR-positive endosomes per nucleus for different siRNAs compared with three controls (no siRNA, siCtrl, siGFP).
Stable knockdown of AnxA2
For preparation of stable shRNA cell lines, MDA-MB-231 cells were transduced with lentiviral shRNA vectors raised against human AnxA2 (5 0 -CCGGCTGTACTATTATATCCAGCAACTCGAGTTGCTGGATATAATAGTACAG TTTTTG-3 0 ) and a non-targeting control vector (Sigma-Aldrich, collaboration with dr Hoeben, LUMC). Mtln3 cells were transduced using lenti-viral shRNA vectors raised against TurboGFP (shCtrl) and rat AnxA2 (Open Biosystems, Fisher Scientific, Landsmeer, The Netherlands, TRCN000011068). Cells were selected using puromycin.
Western blot analysis Cells were harvested as described previously. 41 Primary antibody incubation was performed overnight at 4 1C using the appropriate antibodies. Thereafter, blots were incubated with horseradish peroxidase-conjugated secondary antibody (GE Healthcare, Diegem, The Netherlands) in tris buffered saline-tween (tBS-T) for 1 h at room temperature. Protein signals were detected with ECL-plus method (GE Healthcare) followed by scanning of the blots with a Typhoon 9400 (GE Healthcare).
Animals Female 12-week-old Rag2
À / À gc À / À mice were obtained from in-house breeding. Animals were housed in individually ventilated cages under sterile conditions. Housing and experiments were performed according to the Dutch guidelines for the care and use of laboratory animals (UL-DEC-6117). Sterilized food and water were provided ad libitum.
In vivo tumor growth and metastasis formation of MDA-MB-231 cells A total of 5 Â 10 5 MDA-MB-231 LM2 cells in 0.1 ml phosphate-buffered saline were injected into the fat pad of Rag2 À / À gc À / À mice (n ¼ 7). Size of the primary tumors was measured by using calipers. Animals were anesthetized when tumor volume reached 7 Â 7 mm 2 and primary tumor was removed. Lung metastasis formation was followed over time using bio-luminescent imaging. At 17-21 days after primary tumor removal, mice were killed and lung metastasis was determined using bio-luminescent imaging (total lung burden) and live imaging of GFP (individual lung mets) using confocal laser scanning microscopy. See Supplementary Materials and methods for details. All animal experiments were approved by the local ethical committee.
In vivo tumor growth and metastasis formation of MTLn3 cells A total of 2 Â 10 5 MTLn3 cells in 0.1 ml phosphate-buffered saline were injected into the fat pad of Rag2 À / À gc À / À mice. After the fat pad injection, the size of the primary tumors was measured by using calipers. Animals were anesthetized at indicated time points with Nembutal and the primary tumor and lungs were excised. The right lung was injected with ink solution and thereafter destained in water and fixated in Feketes (4.3% (v/v) acetic acid, 0.35% (v/v) formaldehyde in 70% ethanol). Surface lung metastases were counted for each animal (n ¼ 5-7 per group). All animal experiments were approved by the local ethical committee.
Immunohistochemistry
Tumors and lungs were embedded in paraffin and sectioned (4 mm) onto 3-aminopropyltriethoxysilane-coated slides. After deparaffinization, the tumor and lung sections were stained for hematoxylin/eosin and lungs were examined for lung metastasis formation. The number of lung metastasis per paraffin section was counted. Paraffin sections were deparaffinized, followed by antigen retrieval in citrate buffer, incubation with primary (AnxA2, ki67) and alexa-488 secondary antibodies.
Statistical analysis in vitro and in vivo
Tissue microarray statistical analysis was done using Statistical Package for the Social Sciences SPSS 15.0 (SPSS, Inc., IBM Nederland, Amsterdam, The Netherlands) and differences in proportions were tested by Pearson w 2 . For in vitro and in vivo animal studies, Student's t-test was used to determine if there was a significant difference between two means (Po0.05). When multiple means were compared, significance was determined by one-way analysis of variance (Po0.05). Significant differences are marked in the graphs.
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